polarized light in opposing directions. [10, 11] Metamaterial structuring of dielectric films can lead to the appearance of magnetic optical response, [12] enable the creation of non-reflective "Huygens surfaces", [13] provide for the excitation of toroidal [14] and anapole [15] electromagnetic modes. Very interesting opportunities are also offered by materials presenting an electromagnetic response that lies between those of metals and dielectrics. In semiconductors inter-and intra-band transitions can lead to strong dispersion of optical properties with spectral domains of low and high loss, negative and positive values of the real part of relative permittivity, plasmonic and 'epsilon-near-zero' (ENZ) behaviors and, in some cases, distinctive topologically-protected surface optical properties can be observed. [16] Good examples of such highly dispersive materials are chalcogenide semiconductors -alloys based upon sulfur, selenium or tellurium, wherein dielectric responses of different types can be seen across the visible and near infrared parts of the spectrum and optical properties can be 'engineered' by controlling alloy composition. [16, 17] Chalcogenides have been employed as functional (esp. phase-change) media in active plasmonic metamaterials, wherein they are hybridized with noble metal nanostructures, [18] [19] [20] [21] and are now being investigated as material platforms for metamaterials in their own right. [22] [23] [24] Recently Engheta et al. have shown that the transmission of sub-wavelength waveguide channels can be enhanced by filling them with zero/low-loss ENZ media, whereby these channels can act as 'wires' for light, [25] in particular in interconnect and 'metatronic' applications. [26] Moreover, a range of exciting and unusual phenomena have been predicted in ENZ materials, including for example control over the relaxation rates of and cooperative interactions between embedded quantum emitters, [27, 28] and "anti-Snell's law" refraction at interfaces with high-permittivity media. [29] Although some proof-of principle experiments in the microwave parts of the spectrum have confirmed predictions of the unusual properties of ENZ media, [30, 31] studies in the optical part of the spectrum are typically precluded by intrinsic losses. [27, 32] Indeed, while values of the real part of relative permittivity ε1 equal to zero are not uncommon (e.g. in silicon at 294 nm, [33] chromium at 1.088 μm [34] ) but corresponding values of the imaginary part of permittivity ε2 are typically high. So the question is whether there are circumstances, nanostructural geometries for example, in which materials with sufficiently low values of epsilon can manifest unusual behaviors at optical frequencies. Here we consider the transmission of electromagnetic radiation through subwavelength apertures in a plasmonic metal film -examining whether filling the gaps with an optical-frequency low-epsilon medium enhances their transmission at the epsilon-nearestzero wavelength and how the losses inevitably present in a real low-epsilon medium affect the optical properties of such a composite film.
In what follows, beginning with the example of a real chalcogenide low-epsilon semiconductor -antimony telluride (Sb2Te3), we demonstrate that filling the apertures of a nanostructured metal film with such a material leads to more complex behavior than simply an enhancement of transmission. Indeed, in some cases the opposite can occur, with transmission suppressed at wavelengths where epsilon is near to zero while being enhanced at others. The complex changes in the composite's spectral response depend strongly on the interplay between the dispersion of the optical properties of the plasmonic nanostructure and the ENZ medium.
Antimony telluride is a binary chalcogenide alloy -a narrow-gap semiconductor known for its phase-change [35] and thermoelectric properties, [36, 37] and lately attracting interest as a 3D topological insulator. [38, 39] In the UV-VIS spectral range its amorphous form exhibits a plasmonic response -a negative value of the real part ε1 of relative permittivity, as shown by the ellipsometric data presented in Figure 1a , which is obtained for a 30 nm film of Sb2Te3 prepared by physical vapor deposition on a silicon substrate through co-evaporation from elemental sources of >6N purity: A base pressure of 1.7 × 10 -8 mbar is achieved prior to deposition and the substrate is held within 10 K of room temperature on a water-cooled platen, at a distance of ~150 mm from the sources, to produce low-stress amorphous films. [40] The composition, i.e. the at.% ratio of 2:3, is confirmed by energy dispersive x-ray spectroscopy.
Of the two ε1 = 0 crossing points, at wavelengths λ1 = 253 nm and λ2 = 506 nm, the former is of greater interest because losses (i.e. the value of ε2) are much lower in the near-UV range.
Moreover, in the vicinity of this ε1 zero-crossing the chalcogenide has a refractive index Sb2Te3 as presented in Figure 1 and parameters for aluminum from Reference [41] . It assumes normally incident, narrow-band, coherent illumination polarized in the x-direction (perpendicular to the nano-slots).
It is found (Figure 2b ) that filling the slots with Sb2Te3 brings about a broadband increase in transmission over spectral range extending from below λ1 almost up to λ2, and a corresponding decrease in reflectivity, even to longer wavelengths. The increase in transmission at the low-loss UV ε1 = 0 point λ1 comparatively modest (an absolute change of <5%) and in fact represents a shallow dip in the broader trend of the Al/ Sb2Te3 composite film's transmission spectrum, which is matched by a shallow peak in reflection; larger increases in transmission are seen at longer wavelengths within antimony telluride's plasmonic (ε1 < 0) band between λ1 and λ2.
The cross-sectional maps of electric field strength and powerflow shown in Figure 2c illustrate differences between the metasurface optical response for empty and Sb2Te3-filled slots. In an array of empty nano-slots, with no chalcogenide material present, 'whirlpools' of optical energy are formed around the nano-slots at short, near-UV wavelengths, within which
powerflow through the open aperture is in the backward direction relative to incident light.
Such whirlpools are characteristic of resonant plasmonic nanostructures, having initially been observed around plasmonic nanoparticles. [42] With increasing wavelength, at the λ * = 380 nm plasmonic resonance losses and radiation backflow balance the inflow of energy, causing the transmission of the perforated Al film to fall to zero at this wavelength. [4] [5] [6] [7] At longer wavelengths still, powerflow whirlpools are reestablished, but with rotation in the opposite direction as to the short wavelength side of the λ * resonance wavelength. The same inversion of the energy circulation direction is seen as the excitation wavelength is tuned across the plasmonic resonance of a metal nanoparticle. [42] When the slots are filled with Sb2Te3, we observe 'laminar' flow of light through the film at all wavelengths, with minimal local field enhancement; no powerflow whirlpools are seen To analyze what could conceivably be achieved with low-loss ENZ materials and to understand the role of losses in the transmission changes induced by filling the nano-slots with chalcogenide, it is instructive to consider the effects of reducing the value of ε2 at the near-UV ε1 zero-crossing wavelength λ1. To this end we employ dispersions of ε1 and ε2 for a hypothetical chalcogenide material, derived from those of real Sb2Te3 by reduction of optical losses (ε2) in a manner consistent with Kramers-Kronig relations. (Indeed, any departure from the Kramers-Kronig relations between the real and imaginary parts of permittivity would lead to an unphysical description of the material and related wave phenomena, compromising the fundamental causality of electromagnetism. [43] ) The measured spectral dispersion of antimony telluride's relative permittivity is reproduced very well (the dashed 'fit' lines in Figure 3 ) by a single Lorentzian oscillator absorption model [44] (detailed in Supporting Information), with an oscillator energy E0 of 2.1 eV, a static dielectric constant εs of 23, a high-frequency dielectric constant ε∞ of 3.1, and a broadening factor B of 2.65 eV. These parameters are subsequently adjusted to produce modified dispersion curves (Figure 3a and 3b) for hypothetical low-loss media in which ε2 is reduced by a given factor at λ1 while maintaining ε1 = 0 at both of the (real Sb2Te3) zero-crossing wavelengths λ1 and λ2. (The oscillator model parameters for each case, and corresponding derived values of effective carrier density n and carrier lifetime τ, are presented in Supporting Information Table 1 .) Figure 4 shows the dispersion of metasurface optical properties when the slots are filled with hypothetical materials having losses (values of ε2) at λ1 that are up to 25 times smaller than in vapor-deposited Sb2Te3. Intriguingly, the reduction of ε2 at the ε1 = 0 wavelength λ1 actually decreases transmission at this point, rather than increasing it one might anticipate from analytical studies of ideal ENZ media (i.e. based upon the idea that electromagnetic waves may traverse sub-wavelength waveguide channels unimpeded when they are loaded with a low-loss ENZ medium). [25, 30] Indeed, the loss reduction results in the emergence of a pronounced peak in transmission (dip in reflection) at longer wavelengths where moreover, up to a point, metasurface absorption actually increases as losses in the chalcogenide inclusions decrease -the level of absorption saturates with around a factor of eight reduction in ε2 while absorption linewidth continues to decrease as ε2 decreases further. These behaviors are consistent with the recent analytical finding [29] that increased losses can increase electromagnetic wave transmission at unstructured, singular air/ENZ interfaces, by facilitating better impedance matching. In the present case, metasurface transmission is determined by the balance among interfacial transmission and reflection coefficients for and propagation losses within the low-epsilon medium, against the backdrop of the nano-structurally engineered response. The spectral position of the emergent transmission resonance tends towards the wavelength at which the magnitude of refractive index ( Figure 5 ) is equal to one, i.e. is matched to the incident medium, as losses decrease. [45] The spectral position of the dip in transmission (peak in reflection) near to λ1 is similarly a function of refractive index -tracking the wavelength at which is minimized, which in turn is a function of the loss reduction factor.
In summary, we show, using experimentally measured material parameters for vapor Sb2Te3 is just one member of a broad chalcogenide family that includes numerous binary, ternary and quaternary sulfide, selenide and telluride alloys. With compositionally controllable optical properties, they offer a uniquely adaptable, CMOS-compatible material base for low-epsilon and low-index photonics, including applications in such areas as transmission enhancement, wavefront shaping and control of spontaneous emission.
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